Ribose mononucleotides accelerated morphogenesis in Dictyostelium discoideum at 10" M and above; equimolar purines, pyrimidines, ribose, phosphate, ribose-5-phosphate and nucleosides either slowed morphogenesis or had no effect; s'-GMP, 5'-UMP and 5'-CMP were about as effective as AMP. The position of attachment of the phosphate to the ribose moiety was not critical ; 3',5'-cyclic mononucleotides influenced chemotaxis and accelerated morphogenesis.
M. I. KRICHEVSKY, L. L. LOVE AND B. M. CHASSY RESULTS
Krichevsky & Love (I 968) postulated that one or more naturally occurring mononucleotides would stimulate the rate of morphogenesis if supplied exogenously. The rate of morphogenesis was indeed stimulated by 0-1 to 6.0 ~M -~' -A M P , 5'-GMP, f-UMP, or 5'-CMP in agar test plates at pH 7.0, pH 6.0 or pH 5.0 (Table I) . The stimulations observed were solely upon the rate of morphogenesis and had little effect upon the ultimate pattern of sorocarp formation. The pH of the test plate had no marked effect on stimulation, though small quantitative differences were observed. The acceleration of the rate of morphogenesis by 5'-nucleotides was reproducible but subject to variation in quantitative detail. Structural components of the 5'-nucleotides did not enhance the rate of sorocarp formation (Table I) : D-ribose and ~-ribose-5-phosphate, at concentrations up to 6 mM, were inert; deoxyribose stimulated at low concentrations but gave more Mononucleotide acceleration in D. discoideum variable results at high concentrations. Adenosine inhibited morphogeneFis (data not shown) in a manner similar to that previously reported for adenine (Krichevsky & Love, 1964b) ; equimolar phosphate ion had no effect (Krichevsky & Wright, 1963) .
Adenosine 2'-and 3'-phosphates accelerated differentiation both as single nucleotides and mixtures ( Table 2 ). While the enhancements were similar to those observed w i t h $-AMP, they were more variable. The position of the phosphate group on the pentose moiety of the adenine nucleotide is thus not critical since all adenosine mononucleotides accelerated morphogenesis.
Replacing a portion of the 5'-AMP with equimolar concentrations of other 5'-mononucleotides either singly or in various mixtures in most cases did not diminish the stimulatory effect and often enhanced it. The data given in Table 2 show the effects just discussed; many other combinations tested yielded similar results. Table 2 . Stimulation of the rate of morphogenesis by adenosine-2'~' or 5'-momphosphate or mixtures of 5'-mononucleotides
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The same conditions described for Table I were used. The pH was adjusted to 6.0. The combination of $-AMP plus Mg2+ was better able to prevent the RNA leakage than the Mg2+ alone. The efflux of protein followed a qualitatively similar pattern (Fig. 2) . Efflux of RNA was not diminished by $-AMP in the range of 5 x I O~ M through I x I O -~ M when compared to the efflux from cells suspended in distilled water. Adenine is a potent inhibitor of the rate of morphogenesis in Dictyostelium discoideum (Bradley, Sussman & Ennis, 1956; Krichevsky & Love, 1964b) . Figure 3 illustrates the effect of combining adenine with $-AMP : at the higher concentrations of $-AMP the ability of adenine to slow sorocarp formation was lessened, thus representing an apparent competition between the two compounds.
Additions
In all the experiments described so far, the added materials only affected the rate of morphogenesis. The sorocarp formation was qualitatively identical to that in the control agar gel containing only water. The differentiating multicellular structures were The incubations were the same ones described for Fig. I . The same procedure was used to obtain the samples for protein assay, except that the perchlorate-treated samples were placed in a boiling water bath for 15 min., cooled, filtered through a 25 mm. type HA Millipore membrane filter and the precipitate redissolved in 0.3 ml. 0.5 M-NaOH.
randomly distributed within the original spots formed by placing the 0.01 ml. drop of suspension on the agar surface. A few pseudoplasmodia migrated outside the confines of the periphery. The individual amoebae did not. An exception to the preceding description was observed with 3',5'-cyclic AMP. 4 . Stimulation of the rate of morphogenesis by 3',j'-cyclic AMP. The conditions were those described for Table 2 . The additions were 5'-AMP ( x --x ) or 3',5'-AMP (0-0).
DISCUSSION
A mononucleotide must be complete to stimulate the rate of rnorphogenesis in Dictyostelium discoideum, because purines, pyrimidines, ribose nucleosides, D-ribose, ~-ribose-5-phosphate and phosphate either do not stimulate or actually inhibit at comparable concentrations. Deoxyribose is the sole exception.
The structural requirements for mononucleotide activity do not appear to be specific : a variety of purine and pyrimidine moieties are approximately equivalent and the position of the phosphate attachment to the pentose is not critical. Whether the nonspeciscity observed reflects actual non-specificity or is a consequence of the organism's ability to interconvert mononucleotides is not known.
Those substances which prevent the loss of protein and RNA from suspensions of amoebae enhance the accumulation of mononucleotides at the onset of morphogenesis and accelerate morphogenesis (Krichevsky & Love, I 968). These observations First, mononucleotides are the most efficient exogenously supplied stimulants of the rate of morphogenesis yet found. The effective concentrations are at least 10 times lower than those necessary for other stfmulants (excepting deoxyribose) to show any stimulation and IOO times less when optimum concentrations are compared.
The second point is that $-AMP is ineffective in preventing leakage of RNA and protein from washed cells. That $-AMP does not prevent efflux indicates that the RNA conserved within the cells acts as a source of mononucleotides. When the mononucleotides are exogenously supplied it should be immaterial whether the RNA leaks out or is conserved.
A variety of stimulants of the rate of morphogenesis could still stimulate, albeit to a lesser extent, in the presence of normally inhibitory concentrations of adenine (Krichevsky & Love, 1964b) . The ability of these stimulants partially to reverse the adenine inhibition is probably a reflection of the increase in the pool level of mononucleotides. It is the nucleotides themselves which actually annul the adenine inhibition. Thus any material which stimulates the rate of morphogenesis by preventing the efflux of RNA can be expected to annul adenine inhibition.
The work of Bonner and his associates (Konijn, van de Meene, Bonner & Barkley, 1967; Chang, 1968; Konijn, Barkley, Chang & Bonner, 1968) provides a partial explanation for the observations with cyclic-3',5'-AMP. In these papers the ability of cyclic-3',5'-AMP to act as the long-sought acrasin and the appropriate cyclic monophosphate phosphodiesterase to act as the acrasin-destroying enzyme are described. In the last paper referred to (Konijn et al. 1968 ) the authors describe ring formation similar to that illustrated in P1.2 and postulate that 'the cells deplete the concentration of cyclic AMP at the site of the drop by means of their phosphodiesterase and that this produces an ever widening circular gradient which orients the ring of amoebae in their outward expansion'. This postulate can be expanded to include the stimulation of the rate of differentiation inside the spot of amoebae. Since the product of the phosphodiesterase reaction is 5'-AMP and this compound is a stimulant of the rate of differentiation, it is not surprising that morphogenesis accelerates within the spot,
